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The visual cycle system in a primitive chordate, ascidian Ciona intestinalis, was studied by whole-mount in situ hybridization and
by whole-mount immunohistochemistry. Three visual cycle proteins, Ciona homologue of RGR (Ci-opsin3), CRALBP (Ci-
CRALBP), and BCO/RPE65 (Ci-BCO/RPE65) were widely distributed in the brain vesicle and visceral ganglion. To identify the
visual cycle system in a primitive chordate, we compared the localization of photoreceptor-speciﬁc proteins (visual pigment and
arrestin) and visual cycle proteins (Ci-opsin3 and Ci-CRALBP). The ascidian visual cycle is composed of two cellular compart-
ments, the photoreceptors and the brain vesicle, but some photoreceptor cells also contain visual cycle proteins.
 2003 Elsevier Ltd. All rights reserved.
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In mammalian photoreceptors the photoisomeriza-
tion of 11-cis-retinal to all-trans-retinal occurs in the rod
photoreceptor cells, whereas the isomerization of all-
trans-retinoid to 11-cis-retinoid occurs in the adjacent
retinal pigment epithelium (RPE) cells. The reactions in
the two cellular compartments are coupled into a cycle
by the direct ﬂow of retinoids though the intercellular
matrix (Crouch, Chader, Wiggert, & Pepperberg, 1996;
Saari, 1994, 2000; Wald, 1968). RPE cells in the
vertebrate eye are highly active in the metabolism of
retinoids, and are essential for the synthesis of the 11-
cis-retinal chromophore of visual pigments. Many
specialized enzymes and retinoid-binding proteins ex-
pressed in RPE are believed to play critical roles in the
conversion of all-trans-retinoids to 11-cis-retinoids.
The mechanism of isomerization of all-trans-retinoid
to 11-cis-retinoid in RPE remains controversial, and
the molecular functions of several components remain* Corresponding author. Tel.: +81-791-58-0196; fax: +81-791-58-
0197.
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retinol acyl transferase and an isomerohydrolase par-
ticipate in the endothermic reaction of converting all-
trans- to 11-cis-retinoid (Deigner, Law, Canada, &Rando,
1989; Rando, 1991; Trehan, Canada, & Rando, 1990).
RPE65, the highly expressed RPE protein, is currently
believed to play a critical role in this process (Hamel
et al., 1993; Nicolleti et al., 1995; Redmond et al., 1998).
Cellular retinaldehyde-binding protein (CRALBP) is of
importance as an acceptor of 11-cis-retinoid in the iso-
merization reaction of the visual cycle (Burstedt, Sand-
gren, Holmgren, & Forsman-Semb, 1999; Morimura,
Berson, & Dryja, 1999; Saari, 1994; Saari et al., 2001).
In the RPE and M€uller cells, a non-visual opsin, the
retinal G protein-coupled receptor (RGR), was found
(Jiang, Pandy, & Fong, 1993). RGR is similar in its
amino acid sequence to retinochrome, is bound to
all-trans-retinal, and is capable of operating as the
photoisomerase that generates 11-cis-retinal, as is reti-
nochrome (Chen et al., 2001; Hao & Fong, 1996).
In the visual cycle of the cephalopod eye, all three
retinal-bearing proteins, rhodopsin, retinochrome, and
retinaldehyde-binding protein (RALBP) are located in
photoreceptor cells (Hara & Hara, 1991). Retinochrome
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retinal. RALBP serves to send the 11-cis-retinal into the
rhodopsin system, and to carry away all-trans-retinal
(Hara & Hara, 1968, 1973, 1991). Consequently, rho-
dopsin and retinochrome can interchange their chro-
mophores through the mediation of RALBP to reform
their original pigments, rhodopsin and retinochrome, in
photoreceptor cells (Terakita, Hara, & Hara, 1989). The
retina of cephalopods diﬀers greatly in structure from
the inverted retina of vertebrates. The cephalopod retina
lacks structures similar to the RPE in vertebrate retina.
This is the result of a markedly diﬀerent course of de-
velopment from that of the vertebrate retina.
Ascidians are lower chordates, and their tadpole-like
larvae share a basic body plan with vertebrates. The very
small genome size (Simmen, Leitgeb, Clark, Jones, &
Bird, 1998) and ease with which the embryos of ascidi-
ans can be genetically manipulated on a molecular level
have allowed us to study mechanisms that are common
between ascidians and vertebrates. The ascidian larva
has a remarkably simple central nervous system with
about 100 neurons (Meinertzhagen & Okamura, 2001).
The brain contains an eyespot (ocellus), consisting of
three lens cells, one pigment cup cell, and about 20
photoreceptor cells (Dilly, 1962, 1969; Eakin & Kuda,
1971; Otsuki, 1991). Though the ultrastructure of the
ocellus of the tadpole larva has been well studied, the
components of the visual transduction and visual cycle
remain poorly understood. Thus the ascidian larva
provides us with a unique opportunity to study the
evolution and basic mechanisms of the visual cycle of
vertebrates.
We have isolated and characterized cDNA clones for
three opsins, Ci-opsin1, Ci-opsin2, and Ci-opsin3, from
the ascidian C. intestinalis. The Ci-opsin1 gene is spe-
ciﬁcally expressed in the photoreceptor cells of the
ocellus (Kusakabe et al., 2001), whereas Ci-opsin2 is not
expressed in the photoreceptors, but speciﬁcally ex-
pressed in another population of neurons in the brain (in
preparation). We also identiﬁed a photoreceptor-speciﬁc
arrestin, Ci-arr, of C. intestinalis (Nakagawa et al.,
2002). Ci-opsin3 is a retinal photoisomerase similar to
retinochrome and RGR (Nakashima et al., 2003). The
Ci-opsin3 gene expression is found in a broad area of the
brain vesicle as well as in the visceral ganglion. Genes
encoding ascidian homologues of CRALBP and b-car-
otene 15,150-monooxygenase (BCO)/RPE65, whose
function is required for the mammalian visual cycle, are
co-expressed with Ci-opsin3 in the brain vesicle and
visceral ganglion (Nakashima et al., 2003). The local-
ization of Ci-opsin3, Ci-CRALBP, and Ci-BCO/RPE65
gene transcripts in a broad area of the brain suggests
that the brain of the ascidian larva has a visual cycle
system similar to that of the vertebrate RPE.
In order to clarify whether or not the visual cycle in
this primitive chordate takes place in two cellular com-partments, we compared the localization of photore-
ceptor-speciﬁc proteins (Ci-opsin1 and Ci-arr) and
visual cycle proteins (Ci-opsin3 and Ci-CRALBP) by
whole-mount immunostaining using antibodies against
these proteins. Based on the data, we discuss the origin
of the vertebrate visual cycle system.2. Materials and methods
2.1. Animals and embryos
Mature adults of C. intestinalis were collected from
harbors in Murotsu and Aioi, Hyogo, Japan. The adults
were maintained in indoor tanks of artiﬁcial seawater
(Marine Art BR, Senju Seiyaku, Osaka, Japan) at 18 C.
The embryos were prepared using gametes obtained
from the gonoducts, as described previously (Nakag-
awa, Miyamoto, Ohkuma, & Tsuda, 1999).
2.2. Isolation and sequencing of putative visual cycle
cDNA clones
In the Ciona intestinalis expressed sequence tag (EST)
database (Kusukabe, Yoshida, Nakashima, et al., 2002),
a cDNA clone (citb010b24) which showed signiﬁcant
similarity to mammalian RGR was found by BlastX
search. A digoxigenin-labeled DNA probe was synthe-
sized using DIG-High Prime (Roche), and a full-length
Ci-opsin3 cDNA clone was obtained by screening the
mid tailbud cDNA library. Full-length Ci-CRALBP and
Ci-BCO/RPE65 cDNA clones were also found in the
EST database by Blast search. The nucleotide sequences
were determined on both strands by the cycle sequencing
method with an ABI PRISM 310 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). The per-
centages of amino acid similarity were calculated based
on the sequence alignments generated by the ClustalW
program (Thompson, Higgins, & Gibson, 1994).
2.3. In situ hybridization
A cDNA clone for Ci-opsin1 (Kusakabe et al., 2001),
Ci-arr (Nakagawa et al., 2002), Ci-opsin3, Ci-CRALBP,
or Ci-BCO/RPE65 was used as the template to synthe-
size a digoxigenin-labeled antisense RNA probe using a
DIG RNA labeling kit (Roche, Japan). Whole-mount
in situ hybridization was carried out according to the
protocol by Satou, Araki, Kusakabe, and Satoh (1995).
After the coloring reaction, the embryos and larvae were
dehydrated in an ethanol series and incubated in ethanol
for 5–10 min. Following rehydration with PBST, the
embryos were incubated in 25% glycerol in PBST for 5
min, and then transferred to 50% glycerol in PBST. The
embryos were photographed and stored in 50% glycerol/
PBST.
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For preparation of the region-speciﬁc antibody, a
cDNA fragment encoding the carboxyl-terminal region
of Ci-arr was ampliﬁed and cloned into the pQE40
vector (Qiagen GmBH, Germany). The plasmid con-
struct was introduced into the E. coli strain XL1Blue
(Stratagene, La Jolla, CA). The carboxyl terminal region
of Ci-opsin1 was expressed as a fusion protein with di-
hydrofolate reductase and a histidine tag, and was then
isolated and used to immunize mice or rabbits. Rabbit
polyclonal antisera against Ci-opsin3 and Ci-CRALBP
were obtained from Hokkaido System Science Co., Ltd,
Japan. The antisera were prepared according to a stan-
dard method (Horie, Nakagawa, Orii, & Tsuda, 2002).
Immunostaining of the whole-mount specimens was
carried out basically as described previously (Horie
et al., 2002). The ascidian larva was ﬁxed with 10%
formalin in artiﬁcial seawater for 3 h at 4 C. After
ﬁxation, the larva was washed with PBS containing 0.1%
Triton X-100 (TPBS), and treated with 10% goat serum
in TPBS for 3 h. The larva was then incubated overnight
with the primary antiserum diluted 1000-fold with the
blocking buﬀer, and washed with TPBS for 8 h at 4 C.
The specimen was then incubated with an Alexa 488-
conjugated anti-mouse or anti-rabbit IgG goat antibody
(Molecular Probes, Inc., Eugene, OR). For double la-
beling, an Alexa 546-conjugated anti-rabbit IgG goat
antibody was used. After rinsing several times with
TPBS, the larva was mounted in 50% glycerol and ob-
served under a confocal microscope (LSM 510, Carl
Zeiss, Germany).3. Results
3.1. Identiﬁcation of cDNA clones encoding putative
visual cycle proteins in C. intestinalis
In the C. intestinalis EST database (Kusukabe,
Yoshida, Kawakami, et al., 2002), we found a cDNA
clone that showed signiﬁcant homology to visual pig-
ments. Using this EST clone as the probe, the full-length
cDNA clone was isolated from a cDNA library of
C. intestinalis mid-tailbud embryos. The corresponding
gene was named Ci-opsin3. Among the opsin family, Ci-
opsin3 shows signiﬁcant sequence similarity to retinal
photoisomerase such as mammalian RGR and squid
retinochrome. The overall similarity in the amino acid
sequence of Ci-opsin3 with human RGR is 45%. How-
ever, there is an important diﬀerence between Ci-opsin3
and RGR/retinochrome. The site of the retinylidene
Schiﬀ base counterion (corresponding to Glu-113 in
bovine rhodopsin) in vertebrate visual pigments is oc-
cupied by aspartate in Ci-opsin3. In RGR and the
retinochrome, however, the corresponding residue isreplaced by a non-charged amino acid, as it is in many
invertebrate visual pigments.
In a previous paper (Nakashima et al., 2003) we
showed that the Ci-opsin3 expressed in HEK 293S cells
binds all-trans-retinal which exhibits its absorption
maximum at 520 nm. Irradiation with an orange light
(>560 nm) caused the decrease in absorbance at about
520 nm with concurrent increases in absorbance at
about 470 nm, and the chromophore of the irradiated
Ci-opsin3 was 11-cis-form. These results suggest that
Ci-opsin3 converts to a photoproduct that has an ab-
sorption maximum at about 470 nm. Thus, Ci-opsin3
exhibits characteristics of a photoreaction similar to
those of retinal photoisomerases, retinochrome (Hara &
Hara, 1968, 1973), and mammalian RGR (Hao & Fong,
1996, 1999).
In addition to Ci-opsin3, two clones from tadpole
larvae were found to encode putative visual cycle
proteins in the C. intestinalis EST database. One
clone (clone ID cilv001e02, GenBank accession no.
AV948892) shows signiﬁcant sequence similarity
(P <5E)28) to bovine CRALBP, which selectively binds
to 11-cis retinal or 11-cis retinol, but not to all-trans
retinal or all-trans retinol (Saari et al., 2001). The other
EST clone (clone ID cilv005m09, accession no.
AV962890) shows signiﬁcant similarity to human BCO
(P <3E)34) and rat RPE65 (P <6E)19). BCO produces
two molecules of all-trans retinal by the central cleavage
of b-carotene (Lindqvist & Andersson, 2002; Redmond
et al., 2001), and RPE65 appears to be required for the
all-trans to 11-cis isomerization reaction in RPE (Red-
mond et al., 1998).
Analysis of the entire nucleotide sequences of the
above EST clones showed that these clones contained
the full-length coding sequences. The corresponding
genes were named Ci-CRALBP and Ci-BCO/RPE65,
respectively. The overall similarity in amino acid se-
quence of Ci-CRALBP with human CRALBP is 65%,
and that of Ci-BCO/RPE65 with human BCO and
PRE65 is 58% and 52%, respectively. The phylogenetic
tree revealed that both Ci-CRALBP and Ci-BCO/
RPE65 are more similar to their vertebrate cognates
than those of Drosophila.
3.2. Ci-arr labeled whole photoreceptors and Ci-opsin1
labeled outer segments of photoreceptors
We recently identiﬁed cDNA clones encoding visual
pigment opsin (Ci-opsin1) and arrestin (Ci-arr) in
C. intestinalis (Kusakabe et al., 2001; Nakagawa et al.,
2002). The gene expression patterns of Ci-opsin1 and Ci-
arr were compared in the tadpole larva by whole-mount
in situ hybridization. Expression of both Ci-opsin1 and
Ci-arr was restricted to the photoreceptor cells of the
ocellus, and they seemed to be co-expressed in the same
cells (Fig. 1A and B). Localization of the Ci-opsin1 and
Fig. 1. Expression of genes encoding visual pigment, arrestin, and visual cycle proteins in C. intestinalis larvae. Ci-opsin1 (A), Ci-arr (B), Ci-opsin3
(C), Ci-CRALBP (D), or Ci-BCO/RPE65 (E) mRNA was detected in tadpole larvae by whole-mount in situ hybridization using a digoxigenin labeled
RNA probe. The expression of Ci-opsin1 and Ci-arr is restricted to photoreceptor cells of the ocellus, whereas Ci-opsin3, Ci-CRALBP, or Ci-BCO/
RPE65 is expressed in the entire region of the brain vesicle. OC, the pigment cup cell of the ocellus. OT, the pigment cell of the otolith. Scale
bar¼ 100 lm.
Fig. 2. Immunohistochemical localization of opsin (Ci-opsin1) and arrestin (Ci-arr) in the larva of C. intestinalis. All ﬁgures are confocal composite
images generated from a series of optical section. (A) Immunoﬂuorescence labeling of the brain vesicle region with the Ci-opsin1 antibody. The outer
segments of the photoreceptor cells are labeled with the Ci-opsin1 antibody. (B) Immunoﬂuorescence labeling with the Ci-arr antibody. The whole
structure of the photoreceptor cells, including the cell bodies, outer segments and axons are visualized with the Ci-arr antibody. (C) Merged image of
(A) and (B). OT, otolith; OC, ocellus. Scale bar¼ 10 lm.
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munostaining with antibodies against Ci-opsin1 and Ci-
arr. About 20 Ci-opisn1 positive segments (four rows,
each containing about ﬁve segments) located inside and
at the bottom of a single cup-shaped cell ﬁlled with
membrane-bound pigment granules and several Ci-opisn1 positive segments were also located outside of the
eye cup, as shown in Fig. 2A. Fig. 2B shows a confocal
image of the Ci-arr-labeled cells that are located around
the eyecup. Since arrestin is a soluble regulatory protein
in the photoreceptors, it is expected that an antibody
against arrestin recognized the photoreceptor cells. Ci-
Fig. 3. Immunohistochemical localization of the visual cycle proteins,
Ci-opsin3 and Ci-CRALBP in the ascidian larva. All ﬁgures are con-
focal composite images generated from a series of optical sections. (A)
Immunoﬂuorescence labeling with the Ci-opsin3 antibody. (B) Im-
munoﬂuorescence labeling with the Ci-CRALBP antibody. Two visual
cycle proteins are co-localized in the brain vesicle and visceral ganglion
in the ascidian larva. BV, brain vesicle; VG, visceral ganglion. Scale
bar¼ 100 lm.
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well as the three lens cells. The axons from the cell
bodies are bundled in the posterior side to form a single
axon tract. The tract extends toward the medial side and
reach to the internal midline, where the nerve terminals
diverge and are expected to form synapses. Double la-
beling of the brain vesicle with antibodies against Ci-
opsin1 and Ci-arr revealed that the Ci-opsin1 positive
segments were Ci-arr positive (Fig. 2C). Thus, Ci-opsin1
and Ci-arr are co-localized in the outer segments.Fig. 4. Localization of the photoreceptor cells and the visual cycle cells in t
from a series of optical sections. (A) Photoreceptor cells are visualized with th
antibody against Ci-opsin3. (C) Merged image of (A) and (B). The yellow co
opsin3 in the photoreceptor cells. These results demonstrate that visual cycle p
cells. Scale bar¼ 10 lm.3.3. Visual cycle proteins are co-localized in the brain
vesicle and visceral ganglion of the ascidian larva
The expression patterns of Ci-opsin3, Ci-CRALBP,
and Ci-BCO/RPE65 were examined by whole-mount in
situ hybridization. All transcripts of these genes were
observed in the brain vesicle as well as in the visceral
ganglion of tadpole larva (Fig. 1C–E). In mammals,
visual cycle proteins such as RGR, CRALBP, BCO and
RPE65 were localized in the RPE and M€uller cells of the
retina (Hamel et al., 1993; Redmond et al., 2001; Yan
et al., 2001). We examined the localization of the pro-
teins of Ci-opsin3, Ci-CRALBP, and Ci-BCO/RPE65 by
immunohistochemistry. Fig. 3A and B show Ci-opsin3
and Ci-CRALBP positive cells in ascidian larvae, re-
spectively. The brain vesicle and the visceral ganglion
are labeled with both antibodies in a similar manner to
the expression patterns of their mRNAs, but there are
some diﬀerences. The brain vesicle was labeled similarly
with both antibodies, but the visceral ganglion was
labeled more deeply with the antibody against Ci-
CRALBP.
However, these results did not explain whether the
visual cycle in ascidian larvae takes place at the brain
vesicle including photoreceptor cells or occurs only in
brain cells other than the photoreceptor cells. In order to
identify the visual cycle system of the larva, we relied on
double-labeling with antibodies against Ci-arr and Ci-
opsin3. Ci-arr positive cells covered the eyecup pigment
cells, which are photoreceptors, as shown in Fig. 2 (Fig.
4A). However, Ci-opsin3 positive cells distribute pre-
dominantly in a broad area of the anterior central ner-
vous system (Fig. 4B). Double-labeling the brain of the
larva with antibodies against Ci-arr and Ci-opsin3 re-
vealed that some of the Ci-arr positive cells in the
photoreceptor cells were Ci-opsin3 positive (Fig. 4C).he ascidian larva. All ﬁgures are confocal composite images generated
e antibody against Ci-arr. (B) Visual cycle cells are visualized with the
lor in the merged image indicates the co-localization of Ci-arr and Ci-
roteins are localized in the brain vesicles, including some photoreceptor
Fig. 5. Optical sections of confocal images of Ci-arr and Ci-opsin3 positive cells in the brain vesicle of the ascidian larva. (A), (D) Immunoﬂuo-
rescence labeling with the Ci-arr antibody. (B), (E) Immunoﬂuorescence labeling with the Ci-opsin3 antibody. (C) Merged image of (A) and (B). (F)
Merged image of (D) and (E). (A)–(C) The optical sections of the lower layer of the confocal images of Fig. 4. Neural terminals of the photoreceptor
cells are labeled with the Ci-arr antibody (arrowheads in (A)). Ci-opsin3-positive cells are distributed in a broad area of the brain vesicle, but not in
the pigment cell of the otolith (OT) and ocellus (OC), lumen of the brain vesicle (LU) and lens cells (LC). (D), (E) The optical sections of the middle
layer of the confocal images of Fig. 4. The outer segments (arrowheads in (D)) as well as the cell bodies are labeled with the Ci-arr antibody. Ci-
opsin3 positive cells are not localized in the outer segments of the photoreceptor cells. OT, otolith; OC, ocellus; LU, lumen of the brain vesicle; LC,
lens cell. Scale bar¼ 10 lm.
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layer of the confocal images of Fig. 4. These images
visualize the detailed structure of the brain vesicle in
which lie two types of pigment cells, the otolith and
ocellus. A spherical mass of pigment granules is the
otolith (OT), which connects to the ﬂoor of the sensory
vesicle by a narrow stalk within a lumen of brain
vesicle (LU). The ocellus (OC) consists of two major
components: an optic cup that is roughly U -shaped,
and three lenses (LC) which rest basally in the con-
cavity on the eyecup. Fig. 5A shows the anti-Ci-arr
antibody labeled axons and neural terminals of the
photoreceptors, some of which projected to the neurons
(arrowheads in Fig. 5A). However, the antibody
against Ci-opsin3 labeled in a broad area of the brain
vesicle, but was not labeled the pigment cell of the
otolith (OT) and ocellus (OC), lumen (LU) of the brain
vesicle, and lens cells (LC), as shown in Fig. 5B.
Double labeling with the antibodies against Ci-arr and
Ci-opsin3 revealed that some of the photoreceptor cells
were labeled with both antibodies.Fig. 5D–F show the optical sections of the middle
layer of the confocal images of Fig. 4. Ci-arr positive
cells were distributed in a broad area of the ocellus,
which covered the concavity of the eyecup as well as the
lens cells. In addition to these cells, Ci-arr positive seg-
ments were located at the eyecup just like the Ci-opisn1-
positive segments (arrowheads in Fig. 5D), as shown in
Fig. 2A. However, these outer segments were not labeled
with the antibody against Ci-opsin3. Double labeling
with antibodies against Ci-arr and Ci-opsin3 revealed
that the outer segments were labeled exclusively with an
antibody against Ci-arr, but some of the photoreceptor
cells were labeled with both antibodies.4. Discussion
In the present paper, we describe the relationship
between the photoreceptors and the visual cycle system
of a primitive chordate, ascidian larva, examined by
whole-mount in situ hybridization and by whole-mount
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that visual cycle proteins such as Ci-opsin3 and Ci-
CRALBP were located in a broad area of the brain
vesicle and the visceral ganglion, as were their mRNAs.
In order to understand the mechanism of the visual
cycle of ascidians, it is necessary to visualize the local-
ization of the ascidian photoreceptor cells in the brain
vesicle. We used two distinct markers to visualize the
photoreceptor cells. Ascidian larvae show photic be-
havior (Nakagawa et al., 1999; Tsuda et al., 2001;
Tsuda, Kawakami, & Shiraishi, 2003; Tsuda, Sakurai, &
Goda, 2003). Recently, we demonstrated that the Ci-
opsin1-positive segments in the ocellus are responsible
for the photic behavior by knockdown of Ci-opsin1 with
its antisense morpholinos (Inada, Horie, Kusakabe, &
Tsuda, 2003). Arrestin binds to the phosphorylated re-
ceptor to inhibit the interaction of the receptor with G
protein, resulting in the termination of the downstream
signaling. Since arrestin is a soluble regulatory protein in
the photoreceptor, it is expected that an antibody
against arrestin label whole region of the photoreceptor
cells, including the outer segments, the cell bodies, the
axons, and the nerve terminals.
To identify the photoreceptor cells and visual cycle
compartment, we relied on double labeling with anti-
bodies against Ci-arr and Ci-opsin3. As shown in Fig. 4,
proﬁles between Ci-arr-positive cells and Ci-opsin3 pos-
itive cells are quite diﬀerent. Photoreceptors labeled with
the Ci-arr antibody covered the ocellus, while the visual
cycle compartment labeled with the Ci-opsin3 antibody
extended to a broad area of the brain vesicle, including
two pigment cells. Double labeling with both antibodies
revealed that some of the photoreceptor cells labeled
with the Ci-arr antibody are also Ci-opsin3 positive.
However, the outer segment where Ci-opsin1 and arr-
estin were located were not labeled with the anti-
Ci-opsin3 antibody.
In vertebrate photoreceptors, the photoisomerization
of 11-cis-retinal to all-trans-retinal occurs in the photo-
receptor cells, whereas isomerization of all-trans-reti-
noid to 11-cis-retinoid occurs in the adjacent RPE.
Thus, the vertebrate visual cycle system is composed of
two cellular compartments, photoreceptors and RPE,
whereas the visual cycle of invertebrates (cephalopod)
takes place at one compartment, the photoreceptors.
The present work suggests that the visual cycle of a
primitive chordate, ascidian, takes place in two com-
partments, the photoreceptor cells labeled with the
Ci-arr antibody and the brain vesicle labeled with the
Ci-opsin3 antibody.
In the ascidian visual system, Ci-opsin1 is located in
the outer segments of the photoreceptor cells whose
chromophore is the 11-cis form (Terakita et al., un-
published). However, Ci-opsin3 binds all-trans-retinal,
and irradiation with an orange light (>560 nm) caused
photoisomerization from the all-trans-retinal to 11-cis-form (Nakashima et al., 2003). However, some photo-
receptor cells contain Ci-opsin3 in their cell bodies, but
these outer segments did not contain Ci-opsin3. These
results suggest that the inner segments of some photo-
receptors might contain a visual cycle system like the
cephalopod photoreceptors.
Recent studies have shown that mutations in genes
encoding visual cycle proteins cause human genetic
diseases. Mutations in the human gene encoding RGR
are associated with retinitis pigmentosa (Morimura,
Saindelle-Ribeaudeau, Berson, & Dryja, 1999). Muta-
tions in the human gene encoding CRALBP (RLBP1)
cause autosomal recessive retinitis pigmentosa, a con-
dition characterized by progressive photoreceptor
degeneration and night blindness (delayed dark adap-
tation) (Burstedt et al., 1999; Maw et al., 1997; Mor-
imura, Berson, et al., 1999). Mutations in the human
gene encoding RPE65 cause Leber congenital amauro-
sis, which is the most serious form of the autosomal
recessive childhood-onset retinal dystrophies (Gu et al.,
1997; Marlhens et al., 1997). With the recent advance-
ment of molecular genetics (Inada et al., 2003; Kusak-
abe et al., 2001) and behavioral approaches to ascidian
tadpoles (Tsuda et al., 2001; Tsuda, Kawakami, et al.,
2003; Tsuda, Sakurai, et al., 2003), ascidians will pro-
vide a unique opportunity to investigate the biological
bases of these human diseases. In the present study, we
clearly demonstrated localization of the visual cycle
proteins in a broad area of the brain vesicle and visceral
ganglion, suggesting that these proteins play roles not
only in the visual system, but in other neural functions.
Thus, future studies with ascidian tadpoles will also
contribute to our understanding of the in vivo function
of these proteins in nervous systems.Acknowledgements
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